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Abstract

Preparation of drug-loaded freeze-dried (FD) liposomes, designed for delivery to lungs after rehydration/nebulization was investi-
gated. Rifampicin (RIF) incorporating multilamelar (MLV) and dried rehydrated vesicles (DRV); composed of phosphatidylcholine
(PC), dipalmitoyloglycero-PC (DPPC) or distearoyloglycero-PC (DSPC), containing or not Cholesterol (Chol), were prepared. Vesicles
were characterized for encapsulation efficiency (EE%), size distribution, zeta-potential, stability during freeze drying (FD) and nebuliza-
tion (nebulization efficiency (NE%) and retention of RIF after nebulization (NER%)). Mucoadhesion and toxicity in A549 cells was mea-
sured. RIF EE% was not affected by liposome type but lipid composition was important; Synthetic lipid vesicles (DPPC and DSPC) had
higher EE% compared to PC. As Chol increased EE% decreased. Freeze drying (FD) had no effect on EE%, however trehalose decreased
EE% possibly due to RIF displacement. NER% was highly affected by lipid composition. Results of NE% and NER% for RIF-loaded
liposomes show that DSPC/Chol (2:1) is the best composition for RIF delivery in vesicular form to lungs, by nebulization. Mucoadhe-
sion and A549 cell toxicity studies were in line with this conclusion, however if mucoadhesion is required, improvement may be needed.
� 2007 Published by Elsevier B.V.
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1. Introduction

For the administration of drugs that are intended to act
topically in the lungs, direct deposition to the lungs by
some type of aerosol delivery technology [1], as nebuliza-
tion of liquid solutions, offers the advantage of increased
drug localization at the site of action and decreased possi-
bility of side effects compared to systemic administration. If
this administration route is combined with the sustained
release and/or targeting potential of novel drug delivery
systems, the therapeutic advantages are even more pro-
nounced. For such applications, it is important to have
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background knowledge about the parameters that would
influence the stability of the drug-carrier system during
the aerolization process, as well as the ability of the system
to be aerolized.

Between the various types of drug delivery systems pro-
posed, liposomes have many advantages, as their suitability
for lipophilic drugs and the fact that they have potential for
prevention of local irritation, increased potency and
reduced toxicity [2]. Liposomal aerosols in pulmonary ther-
apy offer the additional advantage of uniform deposition of
locally active drugs [2,3]. Between the various available aer-
osol delivery technologies, nebulizers offer the additional
advantage of delivering liposomal drugs without further
processing [4–6]. This of course applies; if the liposomal
drug (in aqueous dispersion form) has the appropriate sta-
bility (especially towards lipid oxidation [which can be
solved by addition of proper types of anti-oxidants] or drug
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hydrolysis [which depends on the drug formulated]) in
order to provide an adequate shelf-life for the formulation.
Nevertheless, if formulation stability is a problem and can-
not be solved by addition of stabilizer, it may be required
to add additional steps in the whole process, in order to
lyophilize the liposomal formulation (for adequate product
shelf-life) and re-hydrate the powder before nebulization
[7]. In this case, in addition to all other parameters the eas-
iness to rehydrate the powder-lyophilizate produced should
also be considered. Another possibility, which will not be
considered in this investigation, would be the usage of a
dry powder nebuliser.

In previous studies, the nebulization efficiency of liposo-
mal systems has been found to be influenced by many
parameters, as the lipids used for liposome formation as
well as the method of vesicle preparation [8] and the con-
centration of the lipid dispersion nebulised [8–12]. It is
known that liposomes might suffer damage during nebuli-
zation because of the high shear forces developing in the
nebulizers [8,9] and/or the effect of the droplet impact on
baffles on the fluid properties of liposomes [13]. Vesicle size,
nebulizer operating conditions and lipid composition have
been found to influence the stability of liposomes during
nebulization. However, although several studies have been
performed with different drugs, the effect of the interactions
taking place between the drug and the lipid membrane and
their influence on vesicle nebulization has not been clari-
fied. As the mechanism of drug release from liposomal for-
mulations of amphiphilic drugs is more complex
(compared to hydrophilic drugs), we chose to use rifampi-
cin (RIF) an amphiphilic drug, in this study. The complex-
ity mentioned above, rises from the fact that in addition to
being encapsulated in vesicle aqueous compartments (as
much as drug solubility permits), an ampliphilic drug will
most possibly also interact with (and be incorporated in)
the lipid membrane. Furthermore it may also alter the
membrane properties [14]. Nevertheless in addition to its
amphiphilic properties, RIF was selected also because it
is a first choice drug for tuberculosis treatment [15,16]
and resistance to RIF can develop rapidly [16]. Thereby,
there is a therapeutic rational for delivering RIF with lipo-
somes, in order to passively target alveolar macrophages
where a large number of tubercule bacilli harbour [17].
For these reasons, several types of novel-drug delivery
devices have been proposed and characterized for RIF
administration, in order to maximize the therapeutic and
minimize the toxic and/or side effects [18–22]. From these
previous studies, some information about incorporation
of this drug in some liposome types is available and can
be used for comparison with the results obtained herein.

In this study two different types of RIF liposomal for-
mulations, using nine different lipid compositions were pre-
pared and nebulized. The effect of liposome type
(multilamellar vesicles [MLV] and dried rehydrated vesicles
[DRV] were studied) and lipid composition on initial drug
incorporation, nebulization ability and stability during
nebulization were investigated. Calorimetric studies were
performed in order to have definite information about
the interaction between RIF and lipid membranes,
although some information is available in the literature
[23]. As explained above, depending on the drug used, it
may be needed to freeze dry the liposomal formulation to
obtain adequate shelf-life, and rehydrate before nebuliza-
tion. Since it is known that depending on the type and
extent of interactions between liposome incorporated mol-
ecules and lipid-membrane components, cryoprotectants,
as trehalose, may increase or decrease the amount of the
incorporated molecule retained in vesicles [24] the effect
of different amount of trehalose (cryoprotectant) on the
retention of RIF in vesicles during freeze drying was stud-
ied. Additionally, the stability during nebulization of the
resulting -after rehydration- RIF-liposomes was evaluated.
To our knowledge, such studies have never been
performed.

Although for the specific application to target liposomal
RIF to alveolar macrophages the liposome formulation
may not benefit from increased mucoadhesive ability (a
point that is under debate), in other applications mucoad-
hesive properties of liposomal formulations intended for
delivery to the lungs are very important, for prolonged
retention and slow release of drugs at the site [25,26]. This
is why we evaluated the mucoadhesive properties of (some
of) the liposomes prepared, in order to provide some
knowledge about if and how the liposomal composition
(of liposomal drug formulations) influences these
properties.

Additionally, the toxicity of (some of) the liposomal for-
mulations prepared towards an alveolar epithelial cell line
was evaluated, and also compared with that induced by
equivalent concentrations of the free drug (in solution)
measured under identical experimental conditions.

2. Materials and methods

Egg phosphatidylocholine (PC), Dipalmitoyloglycero-
phosphatidyl-choline (DPPC) and Distearoyloglycero-
phosphatidyl-choline (DSPC) were purchased from Lipoid,
Gmbh (Ludwigshafen, Germany) and were demonstrated
to give single spots on TLC (New 1990). Cholesterol
(Chol), Rifampicin, mucin, Bradford reagent (Coomasie�

dye binding protein assay), diphenylhexatriene (DPH)
and all other reagents used were of analytical grade and
purchased from Sigma-Aldrich OM, Athens, Greece.

The A549 epithelial alveolar cell line (passage 31) was a
kind gift from Dr. Ben Forbes (School of Pharmacy, Kings
College, London). All media used for cell growth and han-
dling were purchased from Biochrom (Berlin, Germany),
and were of cell culture grade.

2.1. Liposome preparation

Multilamellar vesicles (MLV) were prepared by the thin
film hydration method [27]. In brief, the lipid (5 mg of total
lipid) (PC, DPPC or DSPC) and the drug (2 mg added, as
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Fig. 1. Comparison between lipid concentration values measured by the
DPH and Stewart assay, for RIF-loaded liposome samples. The linear
regression parameters calculated are presented in the figure insert.
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solution in methanol) after being mixed (or not) with cho-
lesterol (Chol) [lipid/Chol 2:1 or 1:1 mol/mol ratio] were
dissolved in a chloroform/methanol (2/1, v/v) mixture
and the final lipid solution was placed in a round bottom
flask that was subsequently connected to a rotor evapora-
tor in order for the organic solvents to evaporate, resulting
in the formation of a thin film of lipids. For complete
removal of organic solvents the film was dried under nitro-
gen for 3–5 min. The lipid film was hydrated with 1 mL of
Tris buffer pH 7.40, (5mM tris) containing 20 mM NaCl.
The resulting liposome dispersions were placed in a bath-
type sonicator for 15 min.

For DRV preparation, the dehydration–rehydration
procedure [28] was used. In brief, empty small unilamellar
vesicle (SUV) liposomes were initially prepared by probe
sonication of MLV dispersions (prepared as described
above but without drug addition) using a vibra cell sonica-
tor (Sonics and Materials, UK) equipped with a tapered
micro-tip, and by applying at least two 10 min cycles, until
the initially turbid liposomal suspension was well clarified.
The Ti-fragments and any multilamellar vesicles or liposo-
mal aggregates were removed by centrifugation at 10,000g
for 15 min. Subsequently, 1 mL of SUV dispersion was
mixed with 2 mL of RIF solution (containing 2 mg of
RIF) and the mixture was freeze dried. Upon controlled
rate rehydration of the dried materials obtained by freeze
drying, as described previously [28], multilamellar dehy-
drated–rehydrated vesicles (DRV) were generated.

Following their formation, liposome suspensions (MLV
and DRV) were left to stand for 2 h at a temperature above
the transition temperature of the lipids used in each case, in
order to correct any structural defects.

Liposomes were separated from non-entrapped drug by
centrifugation (Heraeus Biofuge, Germany); at 15,000 rpm
for 40-min. At least two centrifugations were performed.

2.2. Liposome encapsulation efficiency determination

For the calculation of RIF encapsulation efficiency of
liposomes, the drug as well as the lipid content of each lipo-
some preparation was measured, as described below. For
rifampicin concentration in liposomes, a 200 lL sample
of each liposome dispersion was completely dissolved in
5 mL of methanol and the rifampicin concentration was
calculated by the optical density of the methanol solution
at 485 nm, according to a calibration curve constructed
by standard solutions of rifampicin in methanol (linear in
the 2–50 ppm range).

For the measurement of phospholipid concentration of
RIF-loaded liposomes the DPH fluorescence method was
initially used [29], due to the fact that one of RIF absorp-
tion maxima is exactly in the same wavelength area
(485 nm) used for measurement of lipid concentration in
most routine analytical methods (as the Stewart assay
[30] or enzymatic assay for phospholipids [31]). Briefly,
DPH was dissolved in tetrahydrofuran (THF) to give a
concentration of 3 mM, and from this stock solution a
2 lM DPH solution in millipore water was prepared fresh
daily. 200 lL of liposome dispersion were mixed with 3 mL
of the fresh DPH aqueous solution, the samples were
wrapped in aluminum foil and incubated at 37 �C for
30 min and then rigorously vortexed in the absence of
direct light. Fluorescence measurements were performed
using a Shimatzu spectrofluorometer (excitation 365 nm
and emission 420 nm, high sensitivity, 5 nm slits).

After establishing (Fig. 1) that results obtained by this
fluorescent assay and those obtained by the Stewart assay
are statistically equal in the 0–200 ug/mL phospholipid
concentration range (due to the fact that the amount of
RIF in the diluted liposomes, is very low, and thus it prac-
tically does not interfere with the phospholipid concentra-
tion measurement), the colorimetric assay [30] was used to
measure lipid concentrations routinely.

2.3. Calorimetric studies

Differential scanning calorimetry was used to determine
the phase transition temperatures of fully hydrated
phospholipid samples, containing or not different amounts
of RIF. The main transition (at Tm) represents the rippled
gel-to-liquid crystalline phase transition. The transition
temperatures correspond to the peaks of the endotherms
during the heating scans. A Perkin Elmer calorimeter (Per-
kin Elmer Diamond DSC) at a scan rate of 10 �C/h was
used. The samples consisted of a known mass (5–10 mg)
of 100 mM phospholipid solution in the tris buffer the lip-
osomes were initially prepared in. Sample runs were
repeated at least 3 times on two or more different batches
to ensure reproducibility. The standard deviation was
lower than 0.05 �C. The analysis of the HS-DSC endo-
therms was conducted using Microcal’s Origin, version 6.
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2.4. Liposome nebulization ability

Liposome aerosols were generated using an efficient
high-output continuous-flow Medeljet nebuliser (0.38 L/
min), driven by a Medel Z17 compressor operated at
11 L/min. A volume of 3 mL was used for the nebulisation.
The aerosols containing RIF-liposomes were collected in a
buffer solution using a home-made 2-stage glass impinger
(as shown in Fig. 2). The impinger device was utilized with
the collecting flask containing 3 mL of buffer to which the
aerosol was introduced through a calibrated glass tube and
critical orifice delivering the jet of aerosol 5 mm above the
bottom of the flask. After aerosolization (which ended after
approximately 10 min) the RIF and the lipid contained in
the impinger were assayed in order to evaluate the total
output and the effect of nebulization on liposomes (drug
leakage). Sample dilution was account for after measuring
the exact volume of dispersion collected. The nebulization
efficiency (NE%) was calculated considering the drug/lipid
(D/L) collected on the impinger and was expressed as a
percentage of the initial D/L submitted to nebulization:

% NE% ¼ Aerolised D=Lðcollected-in-flaskÞ
Initial D=Lðplaced-in-nebuliserÞ � 100
2.5. Evaluation of Rifampicin retention in liposome

The membrane integrity of liposomes after freeze drying
or nebulization, or both, was evaluated. For this, liposome
dispersions (1 mL) of known D/L mol/mol ratios, were
freeze dried in absence or in presence of trehalose (10, 30
and 100 mM final concentration of trehalose in the lipo-
some dispersions) and rehydrated, by one step addition
of 1 mL H2O. Trehalose is one of the cryoprotectants used
for cryopreservation of liposomes or even cell membranes
with demonstrated good preservation efficiency [32]. The
percentage of drug entrapped in the vesicles was then calcu-
lated, after separating the vesicle from released drug and
measuring the drug and lipid content of the samples, as
described in detail above. Following freeze-drying, and
Fig. 2. Apparatus used for collection of the nebulized formulations of
liposomes. In all cases, most of the nebilized material was collected in a
total of 5 mL of buffer, pH 7.40.
rehydration the samples were nebulized, as described above
(in some cases samples were nebulized without being freeze
dried) and after collection of the nebulized liposomal dis-
persion and measurement of the nebulization efficiency
(NE%) (as described above) the nebulized liposomes were
separated from any RIF that was released from the vesicles
during the process (by centrifugation, as described above)
and finally the retention of RIF in nebulized vesicles
(NER%) was calculated by the following formula:

NER%¼Aerolised & Purified D=Lðcollected-in-flaskÞ
Aerolised D=Lðcollected-in-flaskÞ �100
2.6. Measurement of liposome size and surface charge

The size distribution (Mean diameter and Polydispersity
Index) and f-potential of some of the liposome dispersions
were measured by dynamic light scattering (DLS) and laser
Doppler electrophoresis (LDE), respectively, on a Nano-
ZS (Nanoseries, Malvern Instruments), which enabled the
mass distribution of particle size as well as the electropho-
retic mobility to be obtained. Measurements were made at
25 �C with a fixed angle of 173�. Sizes quoted are the z-
average mean (dz) for the liposomal hydrodynamic diame-
ter (nm). Calculation of f-potential (mV) was done by the
instrument (from electrophoretic mobility).
2.7. Mucoadhesive studies – adsorption of mucin on

liposomes

The adsorption of mucin on vesicle surface was used as a
method to assess mucoadhesive properties of the liposomes
prepared. For this, 1 mL of mucin aqueous solution
(0.5 mg/mL) was mixed (vortexed) with 1 mL of each lipo-
some dispersion (the concentration of lipid in these disper-
sions was fixed at 2 mg/mL) at room temperature. Then,
the dispersions were centrifuged at 15,000 rpm for
30 min, and the supernatant was used for the measurement
of free mucin. PC/Chol and DSPC/Chol liposomes were
studied. Additionally chitosan microparticles were used
as positive controls (because they are known to have good
mucoadhesive properties). Also the effect of adding nega-
tive charge on liposomes – by including 10 mol% of phos-
phatidylglycerol (a negatively charged lipid) in their
membranes – on vesicle mucoadhesive properties was
evaluated.

The Bradford colorimetric method [33] was used to
determine free mucin concentration in order to assess the
amount of mucin adsorbed on the liposomes. A mucin cal-
ibration curve was also prepared by measuring mucin stan-
dard solutions (0.25, 0.5, 0.75, 1 and 1.25 mg/mL). For all
samples (of known and unknown mucin concentration)
after adding Bradford reagent, the samples were incubated
at 37 �C for 20 min and then the absorbance at 595 nm was
measured (Shimatzu UV-1205 spectrophotometer). The
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mucin content of the samples was calculated from the stan-
dard calibration curve.

2.8. Cell culture studies

Human A549 alveolar cells (at passage 31) were grown
as monolayers in 35 mm tissue culture dishes incubated in
100% humidity and 5% CO2 at 37 �C. HAM’S medium
containing 365 mg/L L-glutamine, supplemented with
10% heat-inactivated fetal bovine serum, 100 U/mL peni-
cillin, and 100 lg/mL streptomycin was used as growth
media. The cells that form monolayers were harvested with
trypsin (0.25%) centrifuged at low speed (1600g, 4 min), re
suspended in fresh medium and plated at a concentration
of 2 · 105 cells/dish. The cells were grown to confluence
on tissue culture dishes after 3–4 days.

2.8.1. RIF and liposomal RIF cyctotoxicity assessment –

MTT assay

The effect of empty and RIF-loaded liposomes on the
viability of cells was determined by [3(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] MTT assay
[34]. The dye is reduced in mitochondria by succinic dehy-
drogenase to an insoluble violet formazan product. A549
cells (105 cells/well) were cultured on 24-well plates with
500 lL of medium. The cells were incubated for 24 h with
and without the tested compounds. Then 50 lL of MTT
(5 mg/mL in PBS) were added to each well and after 2 h
the formazan crystals formed were dissolved in DMSO.
Absorbance at 580 nm was measured with a plate reader-
spectrophotometer.
Table 1
Trapping efficiency, mean diameter and f-potential values of RIF encapsulatin
or with Chol in their membranes

Trapping efficiency %

Lipid composition MLV DRV

PC 18.6 ± 1.5 20.2 ± 1.1

PC/Chol (2:1) 14.3 ± 2.1 14.7 ± 2.7

PC/Chol (1:1) 10.2 ± 2.4 12.4 ± 2.4
DPPC 44.5 ± 3.4 45.7 ± 1.4

DPPC/Chol (2:1) 28.6 ± 4.7 31.5 ± 3.0
DPPC/Chol (1:1) 24.1 ± 2.7 27.6 ± 5.9
DSPC 37.7 ± 1.8 40.3 ± 1.4

DSPC/Chol (2:1) 31.9 ± 4.2 35.5 ± 1.0

DSPC/Chol (1:1) 28.4 ± 1.4 31.5 ± 1.8

Each value is the mean calculated from at least 3 separate preparations and s
a P, Polydispersity Index for the measurements (mean ± SD).
b Empty = The same liposomes without RIF.
On the basis of this assay % cell viability values were
obtained in three independent experiments for each
formulation.
2.9. Statistical treatment of experimental results

For the statistical evaluation of differences between
results, the paired t-test, to check the significance between
EE%, NE% and NER% values calculated for the different
liposome types and compositions, was used. In all cases,
a probability value of less than 0.05 was considered to be
significant.
3. Results

3.1. Physicochemical characteristics of RIF-loaded MLV

and DRV liposomes and stability during nebulization

In Table 1 the RIF trapping efficiency (percent of drug
entrapped) in MLV and DRV liposomes is presented,
and the amount of drug entrapped in vesicles per lipid,
for all the preparations formulated, is seen in Fig. 3. RIF
encapsulation ranges between 20 and 60 mmol RIF/mol
lipid. From Table 1, it is obvious that liposome type does
not have any effect on the percent of RIF entrapped in lip-
osomes (no significant difference between MLV and DRV
liposomes with the same lipid composition). Nevertheless,
lipid composition is a very important determinant of RIF
encapsulation. As seen in Fig. 3, for both types of vesicles
(MLV-top graph and DRV-bottom graph) the amount of
RIF entrapped in liposomes per mol lipid increases signif-
g MLV and DRV liposomes, composed of different phospholipids without

Mean diameter (lm) f-potential (mV)

MLV MLV

3.36 ± 0.20 �2.19 ± 0.79
[Pa: 0.451 ± 0.110]
5.9 ± 1.2 +2.65 ± 0.75
[P: 0.374 ± 0.042]
Empty: 5.30 ± 0.91b

[P: 0.29 ± 0.10]
NM NM
8.5 ± 1.0 �1.97 ± 0.51
[P: 0.26 ± 0.20]
NM NM
NM NM
8.01 ± 0.11 �0.246 ± 0.318
[P: 0.83 ± 0.12]
10.9 ± 1.5 �0.408 ± 1.49
[P: 0.179 ± 0.153]
Empty: 7.1 ± 1.6a

[P: 0.927 ± 0.769]
NM NM

tandard deviation of mean is presented.
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icantly (P < 0.05) when liposomes are formed from satu-
rated lipids (DPPC < DSPC in most cases) compared to
PC-based liposomes. Inclusion of Chol in the lipid bilayers,
always results in a decrease of RIF EE%, which is logical
due to the lipophilic nature of RIF (the drug is displaced
from the bilayers by Chol).

From the results of mean diameter measurements (Table
1) it is seen that all vesicle-types are considerably large with
mean diameters ranging between 3.36 and 10.90 lm. In
most cases the polydispersity indexes measured are low
indicating that the vesicles are monodisperse. Addition of
Chol in the lipid membranes of liposomes always results
in increased vesicle size. However, the large size of the lip-
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osomes is also partly due to the presence of RIF. This is
proven by the fact that RIF entrapping PC vesicles are con-
siderably smaller compared to DPPC and DSPC ones,
which also incorporate significantly more RIF molecules
per lipid. Additionally, empty PC/Chol and DSPC/Chol
liposomes prepared under identical conditions (with the
corresponding RIF-entrapping vesicles) are significantly
smaller compared to the vesicles that incorporate the drug.
This clearly indicates that RIF molecules intercalate into
the lipid bilayers, as anticipated by its lipophilic nature.
The bulky size of RIF is thus responsible for the increased
mean diameter of the RIF-liposomes compared to empty.
Such increases were not measured previously when other
lipophilic drugs were incorporated in liposomes [14], how-
ever those drugs were smaller.

The fact that RIF molecules interact with phospholipids
in the liposome membrane has been proven previously by
NMR and DSC [23] studies, however DSC studies were
also performed. As observed in Fig. 4, and Table 2, the dis-
appearance of the pre-transition peak and the presence of a
peak with a lower Tm compared to that measured for pure
DPPC (liposomes dispersed in TBS buffer, pH 7.40) when
RIF is added in the liposomes, suggests that the neighbor-
ing phospholipids are packed less tightly in the RIF con-
taining vesicles. This could be achieved by their
interaction with RIF molecules through hydrogen bonds.
The high transition temperature of DPPC liposomes (com-
pared to literature values [usually around 41 �C]) is due to
the fact that they were dispersed in buffer. The effect on the
thermotropic properties of DPPC membranes is enhanced
when more RIF is incorporated in the membranes. Even
in the DPPC/Chol (2:1) liposomes, in which Tm is practi-
cally abolished, because of the addition and interaction
of cholesterol with the membrane, addition of RIF seems
to influence the thermograph, proving that a portion of
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Table 2
Effect of rifampicin on the thermodynamic parameters of aqueous
dispersions of DPPC lipidic systems

Liposome
composition

Tm (�C) [onset-end] DH (J/g)

DPPC Pre transition: 40.61 [37.82–42.47] 2.199
Main transition: 45.94 [44.57–47.66] 19.02

DPPC + 1 mg RIF (one transition peak): 45.06 [42.82–47.21] 6.20
DPPC + 2 mg RIF (one transition peak): 44.04 [42.91–45.76] 4.84
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Fig. 5. Comparison of mean diameter (lm) of some RIF-loaded
liposomes before and after they have been subjected to nebulization.
For each sample at least three formulations were measured (5 measure-
ment per formulation) and the mean diameter (lm) is presented as well as
standard deviation of mean (as error bar).
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the liposome-associated RIF is in the lipid membrane,
although a substantial part of it has been displaced by Chol
molecules (as indicated by the decreased RIF EE%). This
suggestion correlates well with the 28.6% trapping effi-
ciency measured for the Chol-containing liposomes (Table
1), since such an EE% value could not be achieved if the
drug was only encapsulated in the aqueous compartment
of the vesicles.

Concerning vesicle f-potential, the values measured for
all types of vesicles were very low (Table 1), indicating that
the lipid membranes are not charged, as expected (since no
charged lipid is present in the lipid bilayer), and this was
not affected by the presence of the drug in the membranes.

In Table 3, the NE% and NER% values calculated after
the liposome dispersions were subjected to nebulization,
are presented. In most cases the materials nebulized
(NE%) were higher than 70 percent of initial materials
placed in the nebulizer, and this is practically not affected
by liposome type or lipid composition, with the exception
of 50 mol%-Chol-containing DPPC and DSPC liposomes,
for which NE% was <70% (and especially for the DSPC/
Chol (1:1) liposomes, very low (32–43%)). This finding sug-
gests that very rigid liposomes cannot be efficiently
nebulized.

As observed in Table 3, the main parameter determining
the percent of RIF retained in the nebulized liposomes
Table 3
Nebulization efficiency [NE%] (percent of material that was nebulized)
and percent of RIF retained in vesicles in the nebulized fraction [NER%],
for liposomes with different lipid compositions

Lipid composition MLV DRV

NE% NER% NE% NER%

PC 78 (1.7) 15.31 (1.2) 81 (4.6) 16.3 (4.9)
PC/Chol (2:1) 89 (5.9) 34.5 (2.3) 92.0 (3.4) 21 (1.0)
PC/Chol (1:1) 77.2 (9.4) 41.1 (8.4) 86.4 (4.4) 28.5 (4.3)
DPPC 70.3 (7.1) 35.3 (4.0) 72.3 (5.3) 28.2 (3.9)
DPPC/Chol (2:1) 70.3 (9.2) 57.8 (6.2) 72.2 (4.2) 77.0 (8.4)
DPPC/Chol (1:1) 65 (4.5) 16.1 (7.9) 68.1 (5.4) 49.9 (6.1)
DSPC 73.0 (7.1) 58.0 (5.3) 73.2 (7.3) 65.5 (7.2)
DSPC/Chol (2:1) 62.4 (6.4) 69.3 (5.1) 63.1 (9.0) 71.3 (4.6)
DSPC/Chol (1:1) 42.7 (7.1) 67.5 (8.2) 32.2 (2.1) 74.2 (4.5)

In all cases the vesicles were nebulized immediately after preparation (and
separation from non-incorporated drug). Each value is the mean calcu-
lated from at least 3 separate preparations and standard deviation of mean
is presented in parentheses.
(NER%), is the lipid composition of vesicles. Indeed, mov-
ing from PC (that forms liquid membranes) to DPPC and
furthermore to DSPC (that form more rigid membranes)
vesicle stability and as a consequence to this, also RIF
retention in vesicles, increases substantially. The effect of
Chol (addition in lipid membranes) on the NER% mea-
sured, is different for each lipid studied; in the case of
PC-based liposomes as Chol percent increases, NER% also
increases, while for DSPC-based liposomes Chol addition
in the vesicles has practically no effect on NER% (which
is always high due to the rigidity of the DSPC liposomes).
However, for the DPPC-based liposomes although NER%
is significantly increased when 33 mol% of Chol is included
in the vesicle membrane, addition of more Chol in the ves-
icle bilayers results in a decrease of NER%.

The size of (some of) the vesicles nebulized was also
measured after nebulization (and separation from any
released drug). As seen in Fig. 5, in all cases nebulization
effect vesicle size considerably. Indeed, vesicle mean diam-
eters were reduced by approximately 50%.

3.2. Stability of RIF-loaded liposomes during freeze drying –

effect of trehalose

As observed in Table 4, when the vesicles were freeze
dried in absence of trehalose the amount of RIF retained
in vesicle was equal to that initially entrapped (by compar-
ison with the values presented in Fig. 3). However, when
the vesicles were freeze dried in presence of increasing
amounts of trehalose, the per cent of RIF retained in the
vesicles after freeze drying gradually slightly decreased (as
trehalose concentration increased). In fact, when freeze
drying was carried out in presence of 100 mM trehalose
the decrease of RIF retention in DPPC/Chol and DSPC/
Chol liposomes was significant. On the other hand, the
quality of powder produced, in terms of easiness of rehy-



Table 4
RIF encapsulation efficiency (mmol RIF/mol lipid) of MLV and DRV
liposomes composed of PC, DPPC or DSPC, after freeze drying in
presence or not of various trehalose concentrations (0–100 mM)

Trehalose (mM) Drug/lipid (mmol/mol)

MLV DRV

PC/Chol (2:1) 0 24.4 (1.4) 25.12 (0.86)
10 24.3 (1.1) 24.2 (0.63)

30 22.16 (0.96) 22.56 (0.80)
100 22.38 (0.57) 20.33 (0.57)

DPPC/Chol (2:1) 0 32 (3.0) 36.2 (1.7)
10 30.8 (1.2) 31.8 (3.3)

30 27.12 (2.0) 26.2 (1.0)
100 21.33 (1.2) 18.4 (2.1)

DSPC/Chol (2:1) 0 37.3 (2.1) 43.2 (1.0)
10 36.1 (2.6) 40.6 (1.5)

30 34.9 (2.6) 37.7 (3.3)
100 31.1 (1.2) 27.2 (1.1)

Liposomes always contain Chol in their membranes at 2:1 mol/mol
(Lipid/Chol). Each value is the mean calculated from at least 3 separate
preparations and standard deviation of mean is presented in parentheses.
For values in bold, please refer to text.
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dration, was significantly improved (compared to that pro-
duced in absence of trehalose) when freeze drying was car-
ried out in presence of trehalose (even the lowest trehalose
concentration used).
3.3. Nebulization of freeze-dried (FD) RIF-loaded liposomes

Freeze dried (FD) RIF-loaded liposomes (in absence or
presence of trehalose) were subjected to aerolization (after
being rehydrated) and NE% - NER% were measured. As
Table 5
Nebulization efficiency [NE%] (percent of material that was nebulized)
and percent of RIF retained in vesicles in the nebulized fraction [NER%],
for liposomes with different lipid compositions

Trehalose
(mM)

MLV DRV

NE% NER% NE% NER%

PC/Chol
(2:1)

0 72.7 (3.5) 29.0 (3.1) 84.1 (9.5) 18.3 (4.5)
10 81.3 (2.5) 16.1 (2.9) 59.3 (9.3) 11.4 (2.5)

30 83.2 (3.1) 13.7 (1.5) 73.7 (5.8) 13.7 (1.5)
100 84.7 (3.5) 11.6 (2.1) 77.0 (8.3) 10.2 (3.0)

DPPC/
Chol
(2:1)

0 50.7 (3.0) 32.6 (3.8) 65.6 (5.1) 32.7 (3.8)
10 54.6 (2.5) 28.3 (3.1) 60.7 (4.0) 31.0 (2.6)

30 61.7 (2.6) 22.0 (2.1) 54.3 (5.1) 25.1 (2.5)
100 57.7 (1.5) 20.6 (2.5) 57.7 (1.5) 21.3 (1.6)

DSPC/Chol
(2:1)

0 58.3 (5.7) 68.3 (1.5) 58.3 (5.7) 68.6 (1.5)
10 59.7 (6.4) 59.4 (3.8) 57.3 (2.5) 62.3 (4.7)

30 56.1 (7.2) 56.3 (1.6) 59.1 (7.5) 60.7 (4.7)
100 54.0 (5.3) 49.2 (2.6) 57.7 (3.2) 59.0 (3.1)

In all cases the vesicles were nebulized after being freeze dried in presence
or absence of various trehalose concentrations (0–100 mM) and rehy-
drated. Liposomes always contain Chol in their membranes at 2:1 mol/
mol (Lipid/Chol). Each value is the mean calculated from at least 3 sep-
arate preparations and standard deviation of mean is presented in
parentheses.
For values in bold, please refer to text.
presented in Table 5 it is obvious that NE% of FD-rehy-
drated liposomes is not affected by liposome type, but only
lipid composition (i.e. also observed in the case of non-
freeze dried liposomes, Table 3). Indeed NE% is signifi-
cantly lower in the case of rigid liposomes (DPPC/Chol
and DSPC/Chol, which behave similarly) compared to
the PC/Chol ones. Oppositely with what was observed
for RIF retention after freeze drying (Table 3), the amount
of trehalose used during FD had no effect on NE% (the dif-
ferences are not statistically significant). From the NER%
values calculated (Table 5) it is obvious that regardless of
liposome type (MLV and DRV liposomes behave similarly)
the stability of liposomes during nebulization is determined
by their lipid composition. Indeed NER% values increase
in the order PC/Chol <DPPC/Chol <DSPC/Chol.

The most important aspect when nebulizing liposomal
drugs (when liposomal retention of the drug is required
for therapeutic purposes) is the final amount of drug
retained in the vesicles after freeze drying and nebulization
(if a freeze drying step is unavoidable). As (calculated and)
presented in Fig. 6, this final outcome is substantially
higher for the DSPC/Chol 2:1, liposomes compared to all
the other lipid compositions studied, if a freeze-drying step
is required (cases 2 & 3 in Fig. 6). If freeze drying is not
necessary (case 1 in Fig. 6) then the final outcome of the
DPPC/Chol liposomes is similar with that of the DSPC/
Chol ones (for both MLV and DRV liposomes).
3.4. Cell toxicity and RIF uptake studies

The viability of A549 cells was estimated after exposure
of the cells for 24 h to different concentrations of RIF-
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Fig. 6. Comparison of the final outcome (amount of RIF encapsulated in
vesicles after nebulization) for 3 different cases of liposome nebulization.
Liposomes were composed of PC, DPPC or DSPC (always containing
Chol at 2:1 lipid/Chol (mol/mol)). Case 1: liposomes were nebulized
immediately after preparation (and separation of non-encapsulated drug),
case 2: liposomes were nebulised after freeze drying and rehydration (with
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loaded liposomes or the same concentration of free RIF (in
solution), for comparison. As observed in Fig. 7, when the
cells were exposed to empty liposomes (the highest lipid
concentrations used in the case of RIF-liposome incuba-
tion was selected in each case (i.e. 19, 14 and 13 mg/mL
for PC, DPPC and DSPC liposomes, respectively)), cell
viability was not affected by DPPC or DSPC empty lipo-
somes, however a slight cell viability reduction was caused
by the PC empty liposomes, perhaps due to the higher lipid
concentration incubated with the cells in that case. The
cytotoxicity induced by free RIF was always substantially
higher compared to that induced by RIF-liposomes (con-
taining the same amount of RIF). Whether this is because
of a lower uptake of liposomal RIF by the cells (compared
to free RIF) or due to a different type of interaction of the
cells with free RIF and liposome-associated RIF (that
results in different intracellular distribution of RIF render-
ing the drug less toxic) we do not know. Nevertheless, the
lower cytotoxicity of liposomal-RIF, is a considerable
advantage of the liposome system.

3.5. Mucoadhesive properties of RIF-loaded liposomes

Mucoadhesive properties of RIF-loaded liposomes were
evaluated by measuring mucin adsorption on vesicles.
From the results presented in Table 6, it is obvious that
mucoadhesive properties of the liposomes tested are low.
For comparative reasons it should be mentioned here, that
when chitosan microparticles (prepared in our lab for
another study), were subjected to the same test more than
90% of mucin was association with the particles. A signif-
icant difference was observed between PC/Chol and
DSPC/Chol, RIF-loaded liposomes. This could not be
attributed to vesicle zeta potential differences between these
two liposome types, since both are practically uncharged
(Table 1). It is well known that the main mechanism of
mucoadhesion is interaction between opposite charged
molecules, and therefore a more negative surface charge
would reduce mucoadhesive properties. This was indeed
demonstrated when negative charge was added on the sur-
face of liposomes (by including 5 mol% of phosphatidyl
glycerol in their membranes) and resulted in a marked
decrease of the pre cent of mucin adsorpted on the vesicles.

4. Discussion

The preparation of drug-loaded liposomes, that could be
used as freeze dried formulations for rapid rehydration–
nebulization and delivery of the drug to lung macrophages
was investigated. MLV and DRV liposomes were evalu-
ated because these liposome types have particle diameters
in the range needed for aerosol delivery to the alveolar
region. In order to understand which parameters are
important for the preparation of liposomes that can be
used for such applications, nine different lipid membrane
compositions were evaluated, between which, some form
very leaky liquid membranes, as PC without Chol and oth-
ers very rigid (gel) membranes, as DSPC/Chol 1:1 (mol/
mol) liposomes. Rifampicin was used as a drug molecule,
first of all because there is a therapeutic rationale for its
passive targeting to alveolar macrophages, but also because
it is an amphiphilic drug molecule that due to its large size
(MW 823 g/mol) and complex structure is considered as a
‘‘difficult’’ drug to encapsulate and especially to retain
within liposome vesicles. Thereby, the results and findings
of this study can be considered as a basis for the design
of liposomal formulations of other drugs intended for
administration to the lungs by nebulization.

In general, the trapping values calculated herein for RIF
(Table 1) were comparable with those found previously by
others [20]. These values reveal that liposome type has no
effect on RIF EE% of liposomes. This is logical since RIF
is amphiphilic and expected to be incorporated in the lipid
membrane of liposomes, thereby differences in entrapped
aqueous volumes between the different vesicle types would
not result in significant differences for EE% of this drug.
However, lipid composition had a high impact on RIF
EE%, which was higher in liposomes composed of saturated
phospholipids. A similar result was observed by others [35],
that measured higher loading capacity for RIF in DPPC/
Chol liposomes compare to PC/Chol ones. When Chol was
included in liposome membranes, RIF was displaced, as
anticipated for an amphiphilic drug, and EE% was decreased
(compared to the liposomes without, or with lower percent of
Chol in their membranes). In fact, in the case of PC/Chol
(1:1) liposomes, the RIF EE% was around 10%, a value that
is usual for the entrapment of a hydrophilic drug in vesicles
of this size. Thereby, we may conclude that in the vesicles
with PC/Chol (1:1) lipid composition all RIF molecules are
displaced (by Chol) from the lipid membrane.
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On the other hand, the nebulization efficiency NE% for
all liposomes studied was practically the same (slight differ-
ences measured are not statistically significant) with the
exception of the most rigid DSPC/Chol, 1:1, implying that
high vesicle rigidity has negative effect on liposome nebuli-
zation efficiency. This may be attributed to the higher vis-
cosity of the DSPC/Chol.1:1 liposome dispersion
(compared to PC/Chol 1:1 and DPPC/Chol 1:1), since it
is known that higher viscosity results in lower nebulization
efficiency [10].

Considering liposome stability during nebulization
(NER%), Chol-addition in the liposome membranes had
a different effect between different vesicles, depending on
the lipid membrane rigidity and the amount of Chol added
in the membrane. In all cases (for PC, DPPC and DSPC
vesicles) the addition of 33 mol% Chol had a positive effect
on RIF-NER%, which was significantly increased (com-
pared to NER% of liposomes without Chol in their mem-
brane) especially for PC and DPPC vesicles. However
addition of a higher amount of Chol (up to 50 mol% of
the lipid content) had a different effect on the retention of
RIF during nebulization between the three different lipids
studied. Indeed, for the PC/Chol (1:1) liposomes a further
increase (compared to PC/Chol 2:1) in RIF-NER% was
demonstrated. This can be explained by the fact that (as
mentioned above) probably the whole amount (or most)
of vesicle-associated RIF is entrapped in the aqueous com-
partment of this specific vesicle type. No RIF molecules (or
perhaps only a very small amount of RIF molecules) are
incorporated in the lipid membrane of the vesicles, so the
more rigid (compared to PC/Chol 2:1 vesicles) PC/Chol
1:1 membrane can retain the drug better (during the nebu-
lization process). Oppositely in the case of the DPPC vesi-
cle when Chol content was increased from 33 to 50 mol%, a
dramatic decline in liposome stability during nebulization
was observed, while for the DSPC vesicles no effect on
RIF-NER% was noticed. Nevertheless, the later liposomes
(DSPC/Chol 1:1) demonstrated very low nebulization abil-
ity. Thereby it seems that rich in Chol and rigid liposome
membranes are either not able to efficiently retain ampli-
philic drugs (as RIF) during nebulization processes (as
DPPC/Chol 1:1) or demonstrate very low nebulization effi-
ciency (as DSPC/Chol 1:1). The overall results may in part
be determined by the influence of DPPC (or DSPC), Chol
and RIF itself on the molecular packing of the lipid bilay-
ers. In other words, as RIF is part of the lipid membrane
and also interacts with the lipids (as demonstrated by the
DSC study for DPPC), addition of Chol at different
amounts will have an impact not only on the bilayer rigid-
ity but also on the interactions between the drug and the
membrane components, influencing the stability of drug
incorporation in the lipid membrane, and also affecting
the retention of the drug in the vesicles during nebulization.

Cholesterol-induced increase of nebulization-induced
leakage of drugs from liposomal membranes and decrease
of liposome nebulization efficiency have been also reported
by others [8,36], but only when 10 mol% of Chol was added
in the lipid membranes. This was then attributed to Chol-
induced vesicle aggregation. However, 30 mol% Chol addi-
tion in liposomes increased liposome nebulization stability
[8,36,37] as also demonstrated herein, while the effect of
higher Chol-content on liposome behavior during nebuliza-
tion has not been, to our knowledge, studied before.

The possibility of preparing freeze dried RIF-incorpo-
rating liposomes, for improved product shelf-life [7], was
additionally evaluated. From a practical point of view
when vesicles were freeze dried in presence of 10 mM treha-
lose, reduction in EE% was minimal (Table 4) while the
improvement of the powder quality obtained (easiness to
rehydrate) was substantial. In particular, the DSPC/Chol
(2:1) RIF-incorporating liposomes demonstrated very high
stability (compared to the other lipid compositions) after
being freeze dried with this trehalose concentration, rehy-
drated and nebulized (case 3 in Fig. 6). Nevertheless, from
the experiments carried out in presence of various trehalose
concentrations some very interesting conclusions can be
drawn; indeed it is known that when trehalose is present
during freezing and thawing of liposome dispersions, it
may displace amphiphilic drugs that are associated with
the lipid membrane from the membrane and result in a
decrease of encapsulation rather than in an increase of ves-
icle stability. Thereby, the fact that in DPPC/Chol 2:1 and
DSPC/Chol 2:1 liposomes the EE% of RIF is substantially
reduced when these vesicle are freeze dried in presence of
100 mM trehalose provides additional proof that RIF is
initially associated with the lipid membrane, to some
extent. On the other hand trehalose practically has no effect
on the RIF- EE% in the case of PC/Chol (2:1) liposomes,
proving that either a negligible amount of RIF is associated
with the lipid membrane (which is the most possible), or
that any amount that is membrane-associated is not dis-
placed by trehalose. Furthermore another interesting
observation is that when the trehalose-containing RIF-lip-
osomes are nebulized although nebulization efficiency is
not significantly influenced (Table 5), the stability during
nebulization (NER%) in the cases of PC/Chol 2:1 and
DPPC/Chol 2:1 is significantly affected. This observation
indicates that trehalose molecules that remain associated
to the membrane after vesicle rehydration and purification
from released drug molecules, affect the integrity of the
membrane during nebulization. However the higher rigid-
ity DSPC/Chol 2:1 vesicles are practically not affected
(Table 6).

Concluding, the results of this study demonstrate that
the ability of liposomal formulations to be nebulized and
their stability during nebulization is not simple to predict,
especially when the drug formulated in liposomes is ampli-
philic. In such cases, interactions between the drug and
membrane components which affect their packing and as
a consequence the rigidity and integrity of the vesicle mem-
brane should also be considered when designing liposomal
formulations for delivery to lungs by nebulization. Fur-
thermore, if additional freeze drying steps are required to
ensure appropriate product shelf-life, the discpacement of



Table 6
Percent mucin associated with RIF-loaded liposomes after incubation of
the liposomes with mucin and centrifugation for separation of liposomes
from the non-adsorbed on vesicles mucin fraction

Liposome composition Mucin adsorbed on
liposomes (%) mean
value (SD)

f-potential (mV)

PC/Chol (2:1) 17.0 ± 8.3 +0.087 ± 0.538
PC/PG/Chol (9:1:5) 7.41 ± 4.4 �22.9 ± 2.1
DSPC/Chol (2/1) 46.2 ± 4.1 +0.927 ± 0.769
DSPC/PG/Chol (9:1:5) 25.1 ± 8.1 �19.9 ± 2.3

Liposome- mucin incubation conditions as well as mucin measurement
details are described under materials and methods (Section 2.6). Addi-
tionally the f-potential values calculated for these vesicles are presented.
Triplicate samples were run.
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drug molecules by the cryoprotectant used as well as cryo-
protectant-induced modulations of lipid membrane proper-
ties (that may affect membrane integrity during
nebulization) are additional concerns that should be
realized.

From a practical point of view, in the case of RIF, the
DSPC/Chol 2:1 lipid composition was demonstrated to
result in highest nebulization efficiency and integrity. Fur-
thermore, RIF-incorporating liposomes were found to be
considerably less cytotoxic towards alveolar epithelial cells
compared to free RIF (same RIF concentration in solu-
tion), in all cases studied. This may serve as an early indi-
cation that liposomal RIF will be less toxic compared to
free RIF. Additionally, in line with the relevant bibliogra-
phy [38,39], the liposomes prepared in this study demon-
strated low (compared to mucoadhesive chitosan particles
which were used as positive control) association with
mucin, as expected for non-charged liposomes. Although
it may not apply, in particular for RIF-incorporating lipo-
somes (which are aimed for macrophage uptake) improve-
ment of the mucoadhesive properties of liposomes intended
for delivery to the lungs through surface modification may
be required for other applications [25,26].
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